Introduction
Evaluation of retinal thickness has become fundamental for diagnosing and managing various retinal diseases such as diabetic maculopathy, central serous chorioretinopathy, retinal dystrophies, retinal vein occlusions and age-related macular degeneration. In the past, retinal edema or atrophy was assessed subjectively by slitlamp examination. This method requires clinical experience and offers only qualitative data. In addition, exact comparisons over time are almost impossible. Successively, other techniques such as stereoscopic color photographs of the macula became available and facilitated comparisons over time. The confocal scanning laser ophthalmoscope was one of the first instruments that allowed objective and quantitative evaluation of retinal thickness [1] .
Optical coherence tomography (OCT) was introduced in 1991 as a noninvasive, cross-sectional imaging technique [2] . In 1995, time domain OCT was used first for imaging macular diseases [3, 4] . Since then, OCT has become widely accepted for retinal thickness measurements in various retinal diseases.
Time domain OCT uses a scanning interferometer and an 820-nm infrared light source which is split into two separate beams. One beam is scanning a tissue being analyzed, and the other one acts as a reference beam which is reflected by a reference mirror. The distance of the reference mirror can be adjusted, and therefore the time it takes for the reference beam to reach the sensor can be changed. By comparing the two light beams, time domain OCT measures the optical backscattering of light to generate a cross-sectional image of the tested tissue.
Recently, improvements in OCT technology have been introduced [5, 6] . Fourier domain OCT (FD-OCT) provides increased resolution and scanning speed by recording the interferometric information using a Fourier domain spectrometric method instead of adjusting the position of a reference mirror. Resolution is up to 5 times higher and imaging speed is up to 100 times faster than in conventional time domain OCT [7, 8] . Recent studies have shown that FD-OCT is capable of imaging retinal pathologies in great detail and measuring retinal thickness with good reproducibility [9] [10] [11] [12] [13] [14] .
Time domain OCT uses 6 intersecting radial lines for macular scanning to provide mean retinal thickness measurements in 9 ETDRS (Early Treatment Diabetic Retinopathy Study) areas. In contrast, FD-OCT can perform high-density raster scans due to higher scanning speed to measure total retinal thickness or retinal nerve fiber layer thickness. Therefore, less data interpolation is needed compared to conventional time domain OCT.
Recently, different models of FD-OCTs have been introduced by various manufacturers. Differences in design and software might lead to different results in retinal thickness measurements. This might have clinical implications when using OCT retinal thickness measurements to decide whether a patient needs to be treated due to significant changes in retinal thickness. In the future, different OCT models will become more broadly available. Therefore, clinicians or OCT reading centers might be confronted with retinal thickness measurements of different OCT models.
Hence, the goal of this study is to test for significant differences in retinal thickness measurements between different OCT models. For that purpose, 3 commercially available OCT models for retinal thickness measurements were compared in healthy controls.
Methods
Twenty-eight eyes of 14 healthy subjects (mean age 32 8 4 years, 7 females) were included. All subjects gave informed written consent to participate in the study which adhered to the tenets of the Declaration of Helsinki. All subjects had no history of any ocular diseases, a refractive error between -5 and +5 dpt without significant astigmatism, and fundus appearance was unremarkable.
OCT scans were performed with the RTVue-100 FD-OCT (Optovue Inc., Meridianville, Ala., USA), the Cirrus TM HD-OCT (Carl Zeiss Meditec Inc., Dublin, Calif., USA) and the Stratus OCT 3000 (Carl Zeiss Meditec Inc.).
The Cirrus HD-OCT provides 27,000 A scans/s with a depth resolution of 5 m and a transversal resolution of 20 m by using an 840-nm superluminescence diode. The RTVue-100 FD-OCT system uses an 840-nm scan beam capable of imaging 26,000 A scans/s with a depth resolution of 5 m and a transversal resolution of 15 m. Conventional Stratus OCT uses a superluminescence diode with 820 nm providing 400 A scans/s with a depth resolution of 10 m and a transversal resolution of 20 m.
Eyes were dilated before OCT examination. Pupil diameter had to be at least 4 mm for scanning. All OCT scans were centered on the fovea by providing a central, internal fixation mark. All OCT examinations were performed by one operator within one session. With Cirrus HD-OCT, high-density raster scans (512 ! 128 B scans in a 6 ! 6 mm area) were centered on the fovea. In the RTVue OCT, a high-resolution radial line scan protocol was used, consisting of 12 line scans (512 A scans/line) intersecting in the fovea. In Stratus OCT, 6 radial line scans (512 A scans/line) were centered on the fovea. Scans with low quality and a failing retinal thickness algorithm were excluded, and measurements were repeated until good quality was achieved. In addition, scans with blinks during the scanning process were excluded and repeated. All OCT systems provide a software algorithm for retinal thickness measurements. Each scan was separately analyzed by using the automated retinal thickness algorithm to generate retinal thickness values in micrometers. No manual corrections were made to retinal thickness algorithms.
Mean retinal thickness values were calculated for 9 areas corresponding to the ETDRS areas including mean foveal thickness in the center of the grid [15] . The ETDRS plot consists of 3 concentric rings with diameters of 1, 3 and 6 mm. The two outer rings are divided into quadrants by two intersecting lines. Examples of retinal thickness measurements with all 3 OCT types are shown in figure 1 . Mean retinal thickness values of all ETDRS areas were compared between OCT instruments by using the unpaired Student t test.
Results
Measurements of retinal thickness could be achieved in all eyes with all OCT types. Table 1 shows mean retinal thickness values and standard deviations of all 3 OCT types for the 9 ETDRS areas tested.
The mean retinal thickness measurement with Cirrus OCT was 300 8 27. Differences in mean retinal thickness and foveal thickness between the Cirrus OCT and the 2 other OCT types were significant (p ! 0.0001). In addition, differences between mean retinal thickness values in the remaining 8 ETDRS areas were significant between the Cirrus OCT and the 2 other OCT types (p ! 0.0001).
Differences in retinal thickness measurements between the RTVue OCT and the Stratus OCT were significant for mean retinal thickness (p ! 0.0014) and for retinal thickness measurements in ETDRS areas 1-5 and 7 (p values ranged from p ! 0.045 to p ! 0.0001).
The mean difference between Cirrus OCT and RTVue OCT was 35 m (p ! 0.0001) for retinal thickness measurements. Between Cirrus OCT and Stratus OCT, the mean difference was 43 m (p ! 0.0001), and between RTVue OCT and Stratus OCT it was 8 m (p ! 0.0014). Stratus  214821  280813  268813  283814  273813  250817  229814  233815  256818  Cirrus  266820  327813  311812  323811  317813  287816  272821  267812  292816  RTVue  231823  291814  283812  290812  285813  251815  239812  235814  250815 Values of Cirrus OCT were significantly higher in all 9 areas compared to Stratus OCT and RTVue OCT (p < 0.0001). Values of RTVue OCT were significantly higher in areas 1-5 and 7 compared to Stratus OCT (p values ranged from p < 0.045 to p < 0.0001).
Compared to Stratus OCT, the other instruments showed significant higher retinal thickness measurements. Figure 2 shows box plots for all ETDRS areas tested to demonstrate differences in retinal thickness measurements between OCT models.
Discussion
OCT has become a powerful diagnostic tool for retinal thickness measurements in various retinal diseases. Until the year 2006, there was mainly just one type of time domain OCT (Stratus OCT) available on the market which was therefore considered the gold standard for OCT retinal thickness measurements. Recently, several companies introduced various models of FD-OCTs. Once these OCT models become broadly available, the clinician or researcher will be confronted with the problem of comparing retinal thickness measurements of a patient performed by different OCT models. Especially, since OCT became a primary outcome measure of clinical trials, this problem has become obvious [16] . OCT reading centers have to deal with different OCT models and the problem of how to make measurements comparable.
Our study compared retinal thickness measurements of two FD-OCTs (Cirrus and RTVue) with the conventional time domain Stratus OCT3. Retinal thickness measurements were significantly different between OCT types. The Stratus OCT provided the lowest retinal thickness values. In contrast, the Cirrus OCT produced the highest retinal thickness values, being on average 43 m higher than those of the Stratus OCT and 35 m higher than those of the RTVue OCT. Measurements performed by the RTVue OCT were closer to findings of the Stratus OCT but still on average 8 m higher which was significant (p ! 0.0014). Differences in retinal thickness measurements might be due to different technical specifications, imaging protocols and different retinal segmentation algorithms. In particular, the Cirrus OCT is the only instrument that includes the retinal pigment epithelium, while the other two OCT instruments measure retinal thickness from the vitreoretinal interface/internal limiting membrane to a segmentation line right above (Stratus OCT) or below (RTVue OCT) the photoreceptor inner/ outer segment junction. The major difference in retinal thickness measurements between the Cirrus OCT and the 2 other OCT models is therefore mainly determined by the anatomical distance between the inner boundary of the photoreceptor inner/outer segment junction and the inner boundary of the retinal pigment epithelium. Figure 1 demonstrates differences in retinal segmentation algorithms between the 3 OCT models. Differences in axial resolution and calibration might also contribute to measurement differences between OCT models. In addition, scan protocols are different within OCT models. Central foveal thickness was measured 6 times with Stratus OCT due to 6 intersecting line scans in the central fovea. RTVue OCT measured 12 times central foveal thickness due to 12 intersecting line scans in the central fovea. The Cirrus OCT used a different scan protocol performing a raster scan. Therefore central foveal thickness was only sampled once during the scanning process. This might make central foveal thickness measurements of the Cirrus OCT more vulnerable to artifacts. Although both Stratus OCT and RTVue OCT identify the photoreceptor inner/outer segment junction for retinal thickness measurements, the mean difference between the two instruments was 8 m. Segmentation differences might still account for some of the difference as the segmentation line can be drawn right below the photoreceptor inner/outer segment junction (RTVue OCT) or slightly above that junction (Stratus OCT). In addition, mean retinal thickness values were compared and not single A scans at specific locations. Mean retinal thickness values were generated with different scan protocols. Especially in outer ETDRS areas, the sample density is higher with the RTVue OCT (12 radial scans) compared to Stratus OCT (6 radial scans). This might also contribute to the difference between the 2 OCT models.
Establishing a database with healthy subjects might be helpful to provide a correction factor for total retinal thickness and retinal nerve fiber layer thickness measurements for each OCT model. With an OCT-type-specific correction factor, the clinician or researcher can recalculate retinal thickness values and compensate for OCT-specific differences to make measurements more comparable to any available OCT device. These differences deserve special attention when monitoring treatment of retinal diseases over time such as anti-VEGF treatment for age-related macular degeneration.
In conclusion, retinal thickness measurements could successfully be performed with all 3 OCT instruments. Between OCT models there are differences in technical specifications, imaging protocols and retinal segmentation algorithms that lead to significantly different retinal thickness values. The Cirrus OCT showed highest retinal thickness measurements among the 3 types tested, followed by RTVue OCT and conventional Stratus OCT.
